Nanomaterial application has been recognized as a most important future development for nanomaterial production industries. However, harmful toxic pollutants, especially nanoparticles, could also be produced in the process. Therefore, there is a need to evaluate control technologies by generating monodisperse nanoparticles for experimental purposes. In this research project, atomization and vaporization-condensation technologies were applied to generate solid (NaCl) and liquid (oleic acid) polydisperse particles. A differential mobility analyzer (DMA) was utilized to segregate and produce test nanoparticles. In the generation of polydisperse particles, the geometric standard deviation (GSD) and total number concentration (NC) of NaCl particles .42 × 10 6 #/cm 3 , respectively. Furnace temperature and NC are a logarithm relation. Carrier gas flow and NC is a polynomial function. GSD varies as furnace temperature and carrier gas flow increase. Monodisperse nanoparticles were successfully generated from the atomization of 0.5% NaCl (aq) and oleic acid. The GSD, count median diameter (CMD), and total number concentration (NC) NaCl particles segregated from various DMA voltages were 1.04 1.08 and 8.33 nm 128 nm, and 9.89 × 10 2 2.67 × 10 5 #/cm 3 , respectively. The GSD, CMD, and total NC of monodisperse oleic acid particles produced from various DMA voltages were 1.04 1.06, 8.9 nm 92.5 nm, and 2.4 × 10 4 7.6 × 10 5 #/cm 3 , respectively.
polydisperse oleic acid particles, GSDs and NC of particles segregated from various furnace temperatures are 1.43 1.65 and 7.12 × 10 5 5.35 × 10 6 #/cm 3 , respectively. GSDs and NC of oleic acid particles generated from various carrier gas flow are 1.41 1.63 and 7.31×10 6 9.42 × 10 6 #/cm 3 , respectively. Furnace temperature and NC are a logarithm relation. Carrier gas flow and NC is a polynomial function. GSD varies as furnace temperature and carrier gas flow increase. Monodisperse nanoparticles were successfully generated from the atomization of 0.5% NaCl (aq) and oleic acid. The GSD, count median diameter (CMD), and total number concentration (NC) NaCl particles segregated from various DMA voltages were 1.04 1.08 and 8.33 nm 128 nm, and 9.89 × 10 2 2.67 × 10 5 #/cm 3 , respectively. The GSD, CMD, and total NC of monodisperse oleic acid particles produced from various DMA voltages were 1.04 1.06, 8.9 nm 92.5 nm, and 2.4 × 10 4 7.6 × 10 5 #/cm 3 , respectively.
INTRODUCTION
Nanomaterial application is acknowledged as one of the most important industries in the 21 st century and is expected to create great economic value in almost every aspect of human life. However, nanoindustries may also produce and release toxic pollutants into the environment, especially nanoparticles. Thus, research and development of nanoparticle control technologies and equipment will be very important in finding ways to reduce harmful emissions. But before developing control technology and equipment, it will be necessary to generate and evaluate test nanoparticles under experimental conditions. Test nanoparticles can be applied to evaluate control instruments, personal protective equipment, and samplers. The generation of test nanoparticles is also important for nanoparticle instrumentation development and calibration. Test nanoparticles can also be used in inhalation research on humans and animals exposed to harmful nanoparticles. The geometric standard deviation (GSD) of general test particles is less than 1.10. This study required sizes less than 100 nm, and GSD less than 1.05.
Many mechanisms (Takahashi, 1989) generate polydiperse aerosols or particles. Spray, which employ raw materials including DOP, oil, salt, tetramethyl blue, and PSL, is a common way to generate solid and liquid particles. Atomizer is considered an aerosol generator of high stability (Liu and Lee, 1975) . Vaporization-condensation technology is another common approach, which usually employs furnaces to generate aerosols. This method can generate many kinds of aerosols, including liquid (oleic acid, DOP, oil, etc.), metal particles (Deppert et al., 1996) and compounds (Kruis et al., 1996) . Powder dispersion can produce solid particles by dust feeder. Chemical reaction mechanisms can generate complex compound particles by plasma reactors, or flame reactors; for example, Fe(CO) 5 and SiO 2 (CH 3 ) 6 (Zachariah et al., 1995) . However, these reactors usually need high reaction temperatures (Kruis et al., 1998) .
There are two usual ways of producing these monodisperse particles using aerosol technology. One is to produce polydisperse nanoparticles, and consequently, classify the desirable particle sizes by differential mobility analyzer (DMA). The classified monodisperse particles are then measured using a second DMA that is scanned through voltages. This method is called Tandem Differential Mobility Analyzer (TDMA; Rader and McMurry, 1986) . The other way is to generate monodisperse particles directly, using aerosol generation techniques. Table 1 is a list of commercial products which can directly generate monodisperse particles. The Vibrating Orifice Aerosol Generator (Remiarz et al., 1982) has the smallest GSD (1.01), but it cannot generate nano-scale particles. Condensation monodisperse aerosol generator (TSI), condensation aerosol generator SLG 270 (Topas GmbH), and the new Sinclair-LaMer aerosol generator MAG-3000 (Altmann and Peters, 1992) can produce smaller particles; however, its GSD is too high and produces particles larger than 100 nm. Electrospray aerosol generator (Chen et al., 1995) can produce high concentrations of monodisperse nanoparticles, but its GSD is still higher than 1.05.
The purpose of this research is to generate NaCl and oleic acid nanoparticles with count median diameter (CMD) between 10 and 100 nm, and GSD less than or equal to 1.05. The total particle number concentration (NC) needs to be high enough for the above-described applications. 
METHODOLOGY
For NaCl polydisperse nanoparticle generation, we chose spray method to generate NaCl particles. A Constant Output Atomizer (COA), a commercial product driven by compressed air, was used to produce the CMD of NaCl particle, which is normally between 20 and 300 nm, and GSD, which is around 1.9 (TSI, 2002). We applied vaporization-condensation technology to generate oleic acid polydisperse droplet generation. This method employs a tube furnace to evaporate the oleic acid liquid and form a saturated vapor, which was subsequently cooled and condensed into aerosols. Its GSD is around 1.2 1.4 because the aerosol's diameter is quite uniform when vapor molecules condense on the nuclei (Hinds, 1999) .
Scanning Mobility Particle Sizer (SMPS) was utilized to monitor the particle NC and size distribution. The SMPS consists of electrostatic classifier (EC) and ultrafine condensation particle counter (UCPC). Another DMA was employed for generating monodisperse particles. The EC utilized electrical mobility to classify and collect particles by adjusting the DMA's voltage, while the UCPC enlarged the classified aerosol by saturated alcohol vapor. The particle-laden vapor flowed through a cold tube to create the level of super saturation required for particle growth.
Since each nucleus grows to a droplet, the number concentration of droplets and nuclei remain the same. The number concentration of droplets was then measured by an optical counter (Baron and Willeke, 2001 ). The polydisperse aerosol was passed through an 85 Kr neutralizer (TSI Model 3077) in order to obtain a well-defined Boltzmann equilibrium charge distribution of the particles. For particles less than 100 nm in diameter, this approach produces an aerosol in which the fraction of charged particles decreases with decreasing size. Only a small fraction of the particles in this size range carry more than one charge (Flagan, 1998) . When the particle size is larger than 100 nm, however, the fraction of multiple-charged particles dramatically rises so that particles of several sizes will have the same mobility.
In this study, the main purpose was to generate nanoparticles with CMD between 10 and 100 nm. It is difficult to put more than one charge on small particles. Therefore, we assume all particles are single charge. For avoiding the issue of multiple charge of larger particles, we use a precut impactor to remove particles larger than the largest size nominally being classified with the DMA. The set-up diagrams of generation are shown in Figs. 1A and 1B (Chen and Chein, 2003) . 
RESULTS

Generation of NaCl nanoparticles
NaCl particles were generated using a NaCl solution with different concentrations. Fig. 2 shows size distributions of particles generated from 0.5% NaCl (aq) and 0.01% NaCl (aq) , which were mostly under 100 nm. The number concentration of particles from 0.5% NaCl (aq) (4.2 × 10 6 #/cm 3 ) was more than 0.01% NaCl (aq) (3.2 × 10 6 #/cm 3 ). On the other hand, 1% (4.17 × 10 6 #/cm 3 ), 4% (3.76 × 10 6 #/cm 3 ) and 10% NaCl (aq) (3.41 × 10 6 #/cm 3 ) generated solid particles mostly larger than 100 nm. Therefore, we chose 0.5% NaCl (aq) to be the source of monodisperse NaCl nanoparticle generation. Table 2 lists regression equations and R 2 of NaCl (aq) concentration in GSD, NC and CMD. Table 3 shows the results of monodisperse nanoparticle generation. The size distributions and NC of the nanoparticles classified by various DMA voltages are also shown in Table 3 .
Fig. 2.
Size distribution of polydisperse particles produced from NaCl (aq) . 
Productions of oleic acid droplets
Generation of droplets via a furnace flow reactor are affected by the furnace temperature, the areas of evaporation, and the flow rate of the carrier gases. In this study, the same container was used to load identical volumes of oleic acid, so the areas of evaporation were the same. Thus, it was necessary only to find out the best generation temperature and carrier gas before generating monodisperse particles. The distributions of the diameters of oleic acid particles under 200 C, 240 C, 260 C and 280 C (carrier gas flow: 1 L/min) are shown in Fig. 3 . The highest particle NC was generated under 200 C (5.35 × 10 6 #/cm 3 ), but the diameters of the particles were between 50-200 nm, and most of them were out of desired size range (< 100 nm). The second highest NC was generated below 240 C (3.4 × 10 6 #/cm 3 ) and the diameters of the particles were mostly under 100 nm. NCs of 260 C and 280 C were 7.12 10 5 #/cm 3 and 1.67 10 6 #/cm 3 .
The size distributions of oleic acid particles under various carrier gas flows (furnace and 7.31 × 10 5 #/cm 3 . Therefore, we tried 0.7 L/min and its NC was 7.42 × 10 6 #/cm 3 . Thus, the suitable temperature and carrier gas flow for the generation of oleic acid particles chosen were 240 C and 0.7 L/min, respectively. Table 4 shows regression equations and R 2 of furnace temperature and carrier gas flow rate in GSD, NC and CMD. The distributions of the diameters and NC of monodisperse oleic acid particles classified by DMA under various voltages are shown in Table 5 . 
DISCUSSION
Comparison of experimental and theoretical sizes of NaCl particles
From Table 2 , the R 2 is 0.73 between NaCl (aq) concentration and NC which shows that they are considerably well correlated, with a logarithm relation of y = 2 × 10 6
Ln(x) 2 × 10 6 . There are linear relations between NaCl (aq) concentration and GSD (y = 0.0678 x+1.5373, R 2 = 0.86), and between NaCl (aq) concentration and CMD (y = 32.202 x-27.455, R 2 = 0.91). The R 2 values show that they are correlated quite well; that is to say, that while NaCl (aq) concentration increases, GSD and CMD also increase in proportion. Theoretically, the size of generated NaCl particles can also be expressed in the following equation (Hinds, 1999) :
Fv is the volume fraction of solid material.
The diameters of solid particles are influenced by the volume ratio of the solute (NaCl), the solution, and the diameters of the droplets when using atomization method to generate solid particles. A comparison of the experimental average diameters and theoretical values is shown in Table 6 . The theoretical values in the table were calculated by two extreme concentrations. These two theoretical values were calculated by 10% and 0.01% of NaCl (aq) experimental average diameters (D p-exp ), and the percent discrepancies were the differences between the experimental and theoretical values. For a theoretical value of 10% NaCl (aq) , the experimental and theoretical discrepancies became larger when the concentrations of NaCl (aq) decreased. The highest value of percent discrepancy was 95% for the case of 0.01% NaCl (aq) . However, for the theoretical value of 0.01% NaCl (aq) , the discrepancies between experimental and theoretical values became smaller as the concentrations of NaCl (aq) decreased. Furthermore, the theoretical diameters were larger than experimental ones, which is different for the case of 10% NaCl (aq) . (aq) .
The discrepancies between the experimental and theoretical results mainly came from the impurities in the solvents (laboratory pure water). Due to the impurity accumulation on the solid particles (Rulison and Flagan, 1994) , the particles are larger than expected. The volume of impurity in the water is fixed; for instance (from Table 7 , assuming the ratio of the impurity volume to water volume is 1 to 90), the volumes of water and NaCl are 90 cm 3 (1 cm 3 is the impurity) and 10 cm 3 , respectively, in 100 cm 3 of 10% NaCl (aq) , and the volume ratio of impurity and NaCl is 1 to 10. In 100 cm 3 of 1% NaCl (aq) , the volumes of water and NaCl are 99 cm 3 (1.1 cm 3 is the impurity) and 1 cm 3 , respectively, and the volume ratio of impurity to NaCl is 1.1 to 1. When the concentration of NaCl decreases to 0.1%, the volumes of water and NaCl are 99.9 cm 3 (1.11 cm are generated from a high concentration of NaCl solution; in contrast, the effect of impurity becomes greater when the concentration is lower. These are the main reasons for the discrepancies between experimental and theoretical values.
The impurity in the solution will also affect the generation of monodisperse particles. The diameters of impurities range between 6.85 and 202 nm, and their number concentration is about 3.2 × 10 4 #/cm 3 at most (Fig. 2) , so the size limit of monodisperse NaCl particle generation is about 6 nm in these conditions. Volume ratio of impurity to NaCl 1:10 1.1:1 11.1:1 (Assuming the ratio of the impurity volume to water volume is 1 to 90.)
Comparison of experimental and theoretical sizes of oleic acid droplets
The concentrations and diameters of droplets are affected by the furnace temperature and flow rate of carrier gas. Generally, the concentrations and diameters of oleic acid droplets became higher and larger when the furnace temperature was increased, because the quantity of vapor was increased. However, the experimental data resulted in a logarithm relation (y = -3 × 10 6 Ln(x) 5 × 10 6 , R 2 = 0.85) between furnace temperature and NC. In addition, the experimental relation of furnace temperature and CMD is a polynomial function (y = 16.79 x 2 -88.318 x + 143.89, R 2 = 0.9981), as shown in Fig. 5 . In some cases, the quantity of vapor increased as the carrier gas flow rate increased. However, the vapor concentration decreased and condensation time was affected by fast flow rate conditions (Fig. 6 ) and the regression relation of carrier gas flow rate and NC is a polynomial function (y = -10 6 x 2 + 6 × 10 6 x-3 × 10 6 ). On the GSD, there are linear relations on furnace temperature (y = 0.076 x + 1.34, R 2 = 0.98) and carrier gas flow rate (y = 0.051 x + 1.323, and R 2 = 0.78), as shown in Table 4 . That is to say that GSD of polydisperse oleic acid particles varies as furnace temperature and carrier gas flow rate increase. The relation is also linear between carrier gas flow rate and CMD (y = -13.765 x + 93.245, R 2 = 0.82). In terms of theory; if one can control condensation nuclei, concentration of vapor, and speed of condensation, ignoring the loss of condensation on the tubing wall, the diameter of aerosol can be calculated by Eq. (2). Based on the equation (Hinds, 1999) , C m and N are the main factors affecting diameter: In this study, all of the oleic acid experiments use the same container, so the area of evaporation is the same. The furnace temperature and carrier gas flow rate are the remaining factors that can influence the experiment. Comparisons of experimental data and theoretical values from Eq. (2) of oleic acid particles at different furnace temperatures and carrier gas flow rates are shown in Tables 8 and 9 , respectively. The furnace temperatures and carrier gas flow rates showed significant effects on both experimental data and theoretical values. In addition, they showed significant effects on the size distribution of oleic acid droplets, and the discrepancies generally increased as the GSD increased for both cases. of fine particles is shown in Table 10 . All discrepancies were under 1%, except for the discrepancy of 36.1 nm, which was larger than 1.5%. The GSD of monodisperse particles is 1.06 in Table 5 , and one can see that the diameter and uniformity of particles are almost the same when generating from a furnace tube. These results can be verified by the discrepancies in Table   10 . The oleic acid particles were generated at the same furnace temperature, carrier gas flow rate, and condensation nuclei. Vapor concentration was also under control, so the experimental diameters of particles had almost no discrepancies from the theoretical values. Utilization of various voltages of the DMA is the main means of classifying the polydisperse particles or droplets in this study. The distributions of number concentrations of the particles classified by various voltages are shown in Fig. 3 . The highest concentration occurred at 400 V, then the concentrations decreased as the voltages increased further. The main reason for this phenomenon is that the polydisperse distribution is a normal distribution. The two ends of the distribution have fewer numbers of particles. Thus, one can obtain the highest concentration of particles when one classifies at the peak of the normal distribution. The same reasoning also applies for oleic acid monodisperse particles, as verified in Fig. 6 . Based on Eq. (3) (Seola, 2002) When n p , e, L, , Q sh , R 1 , and R 2 are fixed, D p is proportional to V. The black solid line in Fig.   7 is the theoretical relationship between the diameter of monodisperse aerosol and DMA voltage. The circles and squares represent the relationship between the experimental diameter of monodisperse NaCl and oleic acid particles and the voltage of DMA employed, respectively. There are almost no discrepancies between the experimental results and theoretical values; therefore, the results from our laboratory match the theoretical predictions. 
CONCLUSIONS
In the generation of polydisperse particles, the CMD and GSD vary as NaCl (aq) concentration varies. The R 2 values show that NaCl (aq) concentration plays a significant role in the generation process. For generation of polydisperse oleic acid particles, the variation of GSD relates to furnace temperature and carrier gas flow rate, and they are linear relations. GSD also increases as furnace temperature or carrier gas flow rate increases. The relation is also linear between carrier gas flow rate and CMD. However, the experimental relation of furnace temperature and CMD is a polynomial function.
The main purpose of this study was to generate test nanoparticles and qualify their GSD as monodisperse aerosol. The CMD and GSD of monodisperse NaCl particles generated by atomization method were from 8.33 to 128 nm and 1.04 to 1.08, respectively. NC was from 9.89 × 10 2 to 2.67 × 10 5 #/cm 3 . On the other hand, the CMD and GSD of monodisperse oleic acid particles generated by tube-furnace method were from 8.9 to 92.5 nm and 1.04 to 1.06, respectively. NC was from 2.4 × 10 4 to 7.6 × 10 5 #/cm 3 . In comparing experimental theoretical values, the discrepancies for polydisperse NaCl particles resulted from the accumulation of solvent impurity on the solid particles, which caused larger particles than expected. On the discrepancies in polydisperse oleic acid particles, the furnace temperatures and carrier gas flow rates showed significant effects on both experimental data and theoretical values because they affected the amount of vapor generation.
During the process of generating these particles, several important factors which affect the transformation, transportation, and loss of aerosols should be further studied in the future. These include: aerosol aggregation in high concentration, diffusion loss of ultrafine particles, evaporation loss of ultrafine droplets, deposition of charged particles, and the solution impurity.
